The presence of phospholipids within the interphase nucleus and in isolated chromatin, previously demonstrated by analytical biochemical methods, has been only rarely documented by cytochemical procedures, especially at the ultrastructural level. By means of a gold-conjugated phospholipase technique, we investigated the f i e localization of endogenous phospholipids in the different nuclear domains in rat pancreas and in cell cultures. To reduce possible removal or displacement of phospholipids, different specimen preparation procedures such as cryofuration, cryosectioning, and freeze-fracturing were utilized. Apart from slight differences in efficiency among these methods, phos-pholipids have been cytochemically identified in the same nuclear domains: the interchromatin granules and fibers and the dense fibrillar component of the nucleolus. These results suggest that the phospholipids are an actual nuclear component, not randomly distributed in the nucleoplasm but mainly localized in the nuclear domains involved in the synthesis, maturation, and transport of ribonucleoproteins. (1 Hisrochem Cyrochem 40:1383-1392, 1992) 
Introduction
The importance of phospholipid localization is increasingly recognized in cell biology. In fact, these molecules not only are one of the major constituents of the cell membranes but are also involved in key events of cell proliferation and differentiation, being part of the signal transduction mechanism (5.34). The subcellular distribution of phospholipids has been mainly investigated with biochemical and biophysical methods, requiring cell fractionation. The histochemical techniques available for the morphological identification of phospholipids in cells and tissues are not numerous, especially at the electron microscopic level. In electron microscopy, phospholipids can be identified by means of autoradiography, although their solubility in organic solvents (8,38) requires particular procedures during the specimen preparation such as albumin embedding (30) and cryoultramicrotomy (6). The sites of incorporation of labeled lipid precursors were found in membrane structures, but a significant label was also found in the nucleoplasm (6). Phospholipids have been identified in nuclei by optical microscopic histochemical methods @), but these methods have been rarely applied at the electron microscopic level, since the reaction products are not electron dense (3). The ferric hematoxylin method, developed for the detection of phospholipids at the optical microscopic level (15), has been applied also to electron microscopy (21), and the acid hematin reaction for light microscopy (9) has been used for the ultrastructural identification of chromatin-associated phospholipids (18) . In addition, the application of triphenylmethane dyes with glutaraldehyde, originally developed for optical histochemistry (39), has been used for staining phospholipids in plant tissues at the electron microscope level (25). In particular, by using the malachite green dye, in addition to positive labeling of the chloroplast membranes an intense labeling of the nucleoplasm has been reported (25). Immunocytochemistry has not been widely utilized for the identification of phospholipids because the available antibodies exhibit crossreactivity. In fact, anti-cardiolipin antibodies (ACA), which recognize the negatively charged polar heads of phospholipids, have been demonstrated to have affinity for glycosaminoglycans and for the phosphate-sugar backbone of DNA (24).
A method for the cytochemical detection of cellular phospholipids has been described that utilizes gold-conjugated phospholipases (14). This method has been reported to be sensitive enough to detect quantitative variations in the phospholipid content in different membrane regions (13). The only limitation of the method is the nonspecificity of the phospholipase-gold with respect to the different phospholipid species, so that all the phospholipids can be equally detected by the complex (14). Here we report evidence of the fine localization of phospholipids inside the nucleus by use of several specimen preparation techniques to prevent possible removal or translocation of these molecules. The results indicate that phospholipids are actual nuclear components, not randomly distributed inside the nucleoplasm, and further support some functional hypotheses on their relationships with particular nuclear components and on their involvement in some nuclear functions.
Materials and Methods
Materials. F12 medium, RPMI 1640 medium, fetal calf serum (FCS), and Colcemid were purchased from Gibco (Grand Island, NY). Polyvinylpyrrolidone (MW 10,000) (PVP), turkey egg albumin (ovalbumin) Grade VI, glycylglycine, L-a-phosphatidyl-L-serine (PS), L-a-phosphatidylcholine (PC), La-phosphatidylinositol (PI), La-phosphatidylethanolamine (PE), and sphingomyelin (Sph) were obtained from Sigma (St Louis, MO). Glutaraldehyde and osmium tetroxide were purchased from Fluka (Buchs, Switzerland). Epon, uranyl acetate, and polyethylene glycol 20.000 (PEG) were obtained from Serva (Heidelberg, Germany). London Resin White (LR White) was obtained from Polyscience (Warrington, PA). Teuachloroauric acid and all the other analytical grade chemicals were purchased from Merck (Darmstadt, Germany).
Cell Culture. Murine erythroleukemia cells (Friend cells, clone 745)
were cultured in RPMI 1640 medium supplemented with 10% FCS, 4 mM glutamine, 100 U/ml penicillin, 0.1 mglml streptomycin, and split 1:10 in fresh medium every 3 days.
Preparation of Phospholipase Az-Gold Complex. A monodisperse colloidal sol of 15-nm gold particles was prepared using the sodium citrate method (19) . The solution was adjusted to pH 8.0 with 0.2 M KzCO3. The complex was prepared by adding 500 pI of 2.5 mglml distilled water-PLAz (Phospholipase AI from bee venom, EC 3.1.1.4; Boehringer, Mannheim, Germany) to 50 ml colloidal gold solution. Ten drops of 1% PEG were added and the resulting mixture was centrifuged at 40,000 x g for 30 min (12). The sediment of 8 ml of the centrifuged gold complex was re-suspended in 150 p1 of 0.01 M PBS containing 0.02% PEG and 0.05% PVP, pH 8.0. The PLAz-gold complex was centrifuged at 300 x g for 10 min to eliminate gold particle aggregates. The labeling procedure will be specified for each specimen preparation.
Controls were done as follows: addition of PLA2 substrate, represented by phosphatidylcholine (12 mglml), to the PLAz-gold complex (1:l v/v); incubation of the specimens with PLA2 (1 mglml) before incubation with PLAZ-gold complex; and use of the non-conjugated gold solution.
Epon Embedding. Samples of multilamellar vesicles (MLV) of pure phospholipids, prepared as previously described (29) , and rat pancreas fragments were fixed in 1% glutaraldehyde in 0.1 M phosphate buffer, post-fixed with 1% osmium tetroxide, dehydrated in ethanol, and embedded in Epon.
For the labeling, the grids were floated on 0.5% ovalbumin in 0.01 M PBS, pH 8.0, for 10 min, rinsed in 0.01 M PBS, pH 8.0, and incubated on a drop of PLAz-gold complex (diluted 1:5) for 40 min at room temperature. They were then rinsed with 6 drops of 0.01 M PBS, pH 8.0, and 2 drops of distilled water.
Cryofmation. A drop of Friend cell suspension was frozen by slamming onto a liquid nitrogen-pre-cooled metal mirror block in a Reichert-Jung KF80 device. Frozen samples were then freeze-substituted in ethanol at -85"C, at -6O'C.andat -3O"Cfor48hreachandembeddedinLRWhite at 60°C. Thin sections were then floated on a drop of 0.01 M PBS, pH 8.0, and incubated with PLAz-gold (1:80 dilution) at room temperature for 40 min.
Cryoseaioning. Rat pancreas samples were fixed in 1% glutaraldehyde, cryoprotected in 2.3 M sucrose in 0.1 M phosphate buffer, pH 7.2, for 2 hr at room temperature, frozen in liquid nitrogen, and sectioned at -90% in a Reichert Ultracut microtome equipped with FC4 cryosectioning unit. After thawing in ice-cooled 2% gelatin, the sections were incubated in 4 N HCI for 10 min. rinsed in distilled water and in PBS, then incubated on a drop of PLAz-gold (1:15 dilution). After the labeling, the sections were post-fixed with 1% osmium tetroxide, stained with uranyl acetate, dehydrated up to absolute ethanol, and impregnated with Epon (23).
Fracture-label techniques. After the fixation in 1% glutaraldehyde, the samples were cryoprotected with 30% glycerol in 0.1 M phosphate buffer for 20 min at room temperature. For thin-section fracture-label (TS-FL), the samples frozen in Freon 22 were fractured in liquid nitrogen with a pre-cooled metal pestle (35). while for critical point-drying fracture-label (CPD-FL) the samples were mounted on gold supports, frozen in Freon 22-liquid nitrogen (35). and fractured in a Balzers BAF 400 D apparatus. The samples were thawed in 30% glycerol in 0.1 M phosphate buffer, washed in 0.15 M phosphate buffer, pre-incubated in 1 mM glycylglycine in the same buffer, and labeled with PLAZ-gold complex (1:3 dilution) for 40 min at room temperature. After washing in the incubation buffer, the samples were dehydrated in ethanol and either embedded in Epon (TS-FL) or dried at the critical point in Balzers CPD 030 apparatus, replicated with 2-nm platinum at 45' and 20-nm carbon at 90' in a Balzen BAF 400 D apparatus, and digested with sodium hypochloride (CPD-FL). The samples were observed with a Philips 400 T or a Zeiss 109 electron microscope.
Results

Epon Embedding
The phospholipase A2 adsorbed to colloidal gold particles, when tested on pure phospholipid MLV embedded in Epon, showed an intense positivity for all the phospholipids used, as previously reported (14). The labeling of PS, PC, and PI MW is shown in Figures la-lc.
The labeling intensity varied inside the MLV, being higher in the amorphous regions and lower in the lamellar ones. This suggests that the binding of the PLA2-gold complex depends on the spatial disposition of the phospholipids with respect to the section plane.
In Epon sections of rat pancreas, when the PLA2-gold complex had been previously incubated with a phospholipid substrate (phosphatidylcholine 12 mglml), the amount of gold particles on the specimen was almost negligible (Figure 2a ). In addition, the other control reactions described in Materials and Methods gave analogous results (data not shown).
In the standard incubation conditions, the labeling was present in the membrane cytoplasmic structures. The amount of labeling was higher in the myelin figures than in the RER membranes (Figure 2b) . In the nucleus, the gold particles were largely localized in the dense fibrillar component (DFC) of the nucleolus and in the interchromatin granules and fibers, whereas the heterochromatin was sparsely labeled except for its periphery. The nuclear envelope also was labeled, with a labeling intensity analogous to that of the RER cisternae (Figure 2c did not yield better results as compared with Epon embedding (data not shown).
Cry ofmtio n
The specimens exhibited damages caused by ice crystal formation; howcver, the observations refer to limited regions in which the cell morphology was preserved. In Friend cells that had been cryofixed, cryosubstituted. and embedded in LR White, the P M 2 labeling was present on cytoplasmic membrane structures and on the perinuclear cisternae. In the nucleus. the gold particles were present in the interchromatin components and at the border of the heterochromatin. as well as on the nucleolar domain (Figure 3) .
Cryosectioning
In rat pancreas cryosections. the cytoplasmic membranes appeared more intensely labeled than in analogous samples embedded in Epon; in fact, almost all the RER profiles were uniformly coveted with gold particles (Figure 4a ). In the nucleus, labeling was present in the same areas as in post-embedding samples, with a prevalence in the nucleolar domain ( Figure 41 ). Because of the cryosection thickness and the uranyl acetate staining, the heterochromatin was too electron dense to allow detection of gold particles; however, in a detail at higher magnification, the heterochromatin appeared unlabeled accept for its periphery, whereas the interchromatin granules and fibers were labeled (Figure 4b) .
In a Put-gold-incubated cryosection, re-embedded and sectioned perpendicularly to its surface, each membrane profile of the RER or of the perinuclear cisternae was decorated by gold particles. In the nucleus, labeling was present in the interchromatin and nucleolar regions, whereas the heterochromatin exhibited no gold particles (Figure 4c ).
Fracture-Zabel Techniques
In thin section fracture-label (TS-FL) of rat pancreas, the exposed RER profiles were highly labeled; the P and E fractured faces of the outer perinuclear cisterna ( Figures Sa and 5b ) appeared uniformly labeled, conceivably because the fracture ran just in the plane of the phospholipid bilayer. When the nucleoplasm was exposed by the fracture, both the nucleolus and the interchromatin appeared labeled, whereas the heterochromatin was devoid of gold particles (Figures 5c and 5d ). In critical point-drying fracture-label (CPD-FL) of rat pancreas at the cytoplasmic level. the PLAz-gold was detectable on the fractured membrane structures; in a group of vesicles the number of gold particles appeared to vary according to the plane of fracture (Figure 6a ). The replica of the nuclear area showed a different arrangement of the chromatin domains, the heterochromatin being homogeneous and smooth and the interchromatin irregular and rough. Labeling was strongly present in the interchromatin area (Figure 6b ).
Discussion
The presence of phospholipids in the nucleus has been widely demonstrated by analytical methods, and variations in the qualitative and quantitative composition of the chromatin-associated phospholipids have been described in different cell types and in various metabolic conditions (1.2.4,10.12.16.26,27) . Moreover. the recently reported presence of PI in isolated nuclei (7.11.31-33.37) and of the PI phosphorylation system (11). which is known to be involved in intracellular second-messenger generation (5). suggests that these molecules are involved in the transduction of signals from the cell periphery to the nucleus. However. the isolation procedures for obtaining nuclei or chromatin fractions do not completely eliminate the posibility of contamination by membrane phospholipids. Some .. . .
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Y . Figure 3 . Friend cells; metal mirror cryofixation. LR White embedding, PLApgold. The labeling is present on the mitochondrial cristae and in the perinuclear cisterna (arrows). In the nucleoplasm, the interchromatin (IC) and the nucleolus (N) are diffusely labeled, whereas in heterochromatin (HC) the label is confined to the border. Bar = 0.5 pm.
attempts have been made to morphologically identify the actual localization of nuclear phospholipids and to determine variations in their distribution in relation to functional events, by means of electron microscopic autoradiography (32). However, autoradiography is a time-consuming technique which has lower resolution and efficiency in comparison with cytochemical methods such as the enzyme-gold technique. Therefore, we utilized the PLA2-gold technique, originally developed to detect membrane phospholipids (14). for high-resolution localization of the phospholipid distribution inside the nucleus. Multilamellar vesicles of pure phospholipids, embedded in Epon. have been used to test the PLAz-gold complex, obtaining labeling of all the phospholipid types employed, as previously reported (14). However, the MLV do not exhibit a uniform labeling, the amount of gold particles being more intense in the amorphous than in the lamellar regions. This could depend on a different orientation of the phospholipid molecules with respect to the section surface. In fact, in the amorphous aggregates in which the spatial arrangement of the phospholipids is not oriented as in lamellar leaflets, the accessibility of the substrate to the PLA2-gold complex may be enhanced. The presence of phospholipids in nuclei has been evaluated in tissue samples and in cell cultures with both pre-and post-embedding procedures. In fact, the pre-embedding techniques, in which the reaction is performed before dehydration and embedding, should preserve the phospholipid component better than postembedding methods. On the other hand. post-embedding labeling, which utilizes more complete fixation procedures, can contribute to the maintenance of the phospholipids in the specimen. None of the procedures we have employed is completely free of drawbacks: however, the results, taken as a whole, give a consistent picture of the phospholipid distribution in the cell. With all the techniques used, in fact, the membrane structures of the cytoplasm appear labeled. In particular, in tissue samples embedded in Epon, the intensity of the labeling is different in the various membrane regions. In fact, the myelin figures are highly positive, whereas the RER cisternae membranes, the Golgi stacks, the mitochondrial membranes, and the plasma membranes exhibit progressively less intense labeling. The nucleus, with all the techniques employed, exhibits specific labeling on some of its inner components: in fact, the nucleolus is the more intensely labeled area, followed by the interchromatin granules and fibers, whereas in the heterochromatin the gold particles are localized almost exclusively at its boundary. These observations strongly suggest that the phospholipids detectable inside the nucleus are not randomly dispersed but are topologically confined to nuclear domains. The efficiency of the phospholipid detection is affected by the specimen preparation procedures: to obtain a quite comparable amount of labeling, the PLAz-gold complex was used at 1:80 dilution in cryofixed samples and at 1:15 dilution in cryosections, whereas in freeze-fractured and in Epon-embedded samples the dilutions were 1:3 and 1:5? respectively. Therefore, the absence of chemical fixation or of chemical dehydration seems to better preserve phospholipid detection by PLAz-gold. Moreover, the efficiency is higher in pre-embedding than in post-embedding labeling conditions, indicating that the resin embedding partially masks the accessibility of PLA2-gold to phospholipids, although sectioning can act as a sort ofcleavage (22).
In cryosections, an HCI treatment has been utilized for increasing the efficiency of the labeling at the cytoplasm membrane level. Although the nucleus is also labeled without HCI treatment, the membranes appear weakly labeled. It is conceivable that the HCI treatment of the sections makes the phospholipids more accessible to PLA2-gold.
The amount of phospholipids detectable in isolated membranedeprived nuclei represents about 1 4 % of the non-histone nuclear proteins (27); this value is quite low when compared with the phos- pholipid content of membrane structures. The higher efficiency of the PLAz-gold complex in detecting phospholipids inside the nucleus, with respect to membranes. should depend, as suggested by the non-uniform labeling of different parts of pure phospholipid multilamellar vesicles, on the spatial arrangement of the phospholipids. In fact, inside the nucleoplasm the phospholipids are not arranged in lamellar form, as previously demonstrated by incubating isolated nuclei with pure phospholipid liposomes (26).
The main sites of nuclear phospholipid localization in the nucleus deduced by the PLA2-gold technique seem to share some characteristics; the dense fibrillar component of the nucleolus and the interchromatin granules and fibers are in fact ribonucleoprotein structures belonging to the nuclear matrix. Indirect evidence of the association of phospholipids with the nucleolar and interchromatin ribonucleoproteins has been previously obtained. After in vitro digestion with phospholipase C, which is capable of hydrolizing the nuclear matrix-associated phospholipids, the bulk of matrixbound RNAs is also released (40) . Moreover, digestion with phospholipase C is responsible for a great reduction of RNA-containing structures detectable by RNAse-gold labeling in isolated nuclear matrix, in isolated nuclei, and in in situ nuclei (40) . Furthermore. evidence for the association of phospholipids with ribonucleoproteins has been obtained, demonstrating a co-localization of these structures by means of phospholipase C-gold and RNAse-gold in isolated rat liver nuclei (40) . The association of phospholipids with the ribonucleoproteins not only may indicate a structural relationship between RNAcontaining structures and the nucleoskeleton but also suggests a functional role of phospholipids in the regulation of transcriptional activity. In fact. isolated nuclei incubated with phospholipids that modify the amount of endogenous RNA synthesis (28.29) also exhibited major modifications of the quantity and distribution of interchromatin granules (29). The fine localization of phospholipids obtained by the PLA2-gold method in in situ nuclei confirms the hypothesis of the involvement of phospholipids in the transcriptional system at the nucleolar and interchromatin level.
The possibility of identifying at high resolution and with good efficiency the localization sites of phospholipids inside the nucleus with the PLA2-gold method could offer the opportunity to further elucidate the involvement of the phospholipids in the regulation of some nuclear functions. Preliminary results indicate that during S-phase a reduction in the amount of nuclear phospholip-ids, detectable by the PLA2-gold method, occurs in the nucleolus and in the interchromatin, concomitantly with an increased activity of endogenous phospholipases (17). Therefore, this method will be useful for determining variations in the subnuclear localization of phospholipids under experimental conditions related to mitogenic or differentiating stimulation.
